Photoluminescence and Raman results for single crystals of KCl doped with KAu(CN) 2 with different Au content are presented and compared with results for pure KAu(CN) 2 crystals. Photoluminescence spectra of the doped crystals show three major UV-vis bands that can be resolved by varying the excitation wavelength. Spectroscopic and computational evidence suggests the formation of Au-Au bonded excimers and exciplexes in this doped system. The excimer/exciplex luminescence bands can be tuned in a given crystal by siteselective excitation and their relative intensities tuned by varying the dopant concentration. Microsecond lifetimes were observed for the various luminescence bands, suggesting Au-centered phosphorescent emissions. Raman spectral analysis was used successfully to correlate with the luminescence bands observed in pure and doped crystals of 
Introduction
Bonding in compounds of closed shell d 10 atoms such as gold(I) has attracted the interest of experimental and theoretical chemists because of the remarkable tendency of these compounds to form supramolecular aggregates owing to Au-Au aurophilic bonding. 1,2 A variety of structures showing gold(I) compounds aggregate as dimers, oligomers, and polymers have been reported. [1] [2] [3] [4] [5] [6] [7] [8] Che and co-workers have reported a resonance Raman investigation of Au 2 [bis(dicyclohexylphosphine)methane] 2 -(ClO 4 ) 2 , which showed Au(I)-Au(I) single bond formation in the excited state. 9a A further study by the same group has shown that analogous Ag(I) species also give rise to Ag-Ag single bond formation in the excited state. 9b Our group has recently reported a comparison between Ag-Ag and Au-Au interactions in the ground and excited states of dicyano complexes. 10 Monovalent gold complexes have been shown to have a variety of applications. For example, [Au(CN) 2 -] ions play an important role in medicinal chemistry. 11 The modern day use of [Au(CN) 2 -] ions for medicinal purposes originated from Robert Koch's discovery, that [Au(CN) 2 -] ions have bacteriostatic properties. 12 It has also been reported that [Au(CN) 2 -] is a common metabolite of injectable gold drugs such as auranofin for the treatment of rheumatoid arthritis. 13 Other potential applications of Au(I) compounds such as in optical sensors, 14 bio-sensors, 15 and photocatalysts 16 provide a strong motivation to study monovalent Au(I) compounds.
Our recent studies of cyano complexes of Au(I) and Ag(I) relate the photoluminescence properties to the formation of metal-metal bonded excimers and exciplexes. Although luminescent exciplexes are well-known molecular entities in the photochemistry and photophysics of organic systems, 17 the field is less common in the inorganic literature and most reported inorganic exciplexes are not luminescent. 18 Metal-metal bonded excimers and exciplexes are the only class of luminescent inorganic exciplexes. Members of this class include homoatomic and heteroatomic exciplexes involving closed shell metal ions, mostly d 8 -] and Pt 2 (P 2 O 5 H 2 ) 4-. 22 We contributed to this field by introducing the optical phenomenon of "exciplex tuning", which describes the tuning of the emission in [Ag(CN) 2 -]-doped alkali halide crystals to various bands in the ultraviolet and visible regions with each band due to a different oligomeric *[Ag(CN) 2 -] n excimer or exciplex. [23] [24] [25] [26] Tuning the excited state properties is extremely important in a variety of optoelectronic applications in relation to some fundamental scientific issues such as excitonic energy transfer. [27] [28] [29] [30] Examples illustrating the significance of exciplex tuning in d 10 complexes in scientific and practical applications have been reported by some of us regarding tunable energy transfer to lanthanide ions, 31 the photocatalytic action of Ag(I)-doped ZSM-5 zeolites in the decomposition of nitric oxide, 32 and Ag(I)-catalyzed photodecomposition of pesticides. 33, 34 Our group has previously reported luminescence and X-ray measurements versus temperature for pure KAu(CN) 2 . 35 These results demonstrated the sensitivity of the emission energy to changes in Au-Au separation. Very recently, we have reported the ground and excited-state aurophilic and argentophilic interactions of [Au(CN) 2 -] n and [Ag(CN) 2 -] n oligomers in solution. 10, 36 We report here the first example of exciplex tuning for [Au(CN) 2 -] ions doped in KCl single crystals. Tuning of the luminescence is studied by site-selective excitation and varying the dopant concentration. By varying the dopant concentration, we have observed from our spectroscopic data an unusual trend: as the dopant concentration increases, the size of the oligomers increases and this is accompanied by a shorter Au-Au bond distance. At the highest dopant concentration, the Au-Au bond distance is shorter than that found in the pure KAu(CN) 2 crystal. In contrast, at the highest doping level of the [Ag(CN) 2 -]/KCl system, the Ag-Ag bond distance is similar to the same bond length as the corresponding pure crystal. Correlation between the luminescence and Raman bands is made for M(CN) 2 -/KCl (M ) Au; Ag) doped crystals with varying M content as well as pure crystals of KM(CN) 2 .
Experimental Section
Single crystals of KAu(CN) 2 /KCl were grown by slow evaporation of a saturated aqueous solution containing 5 g of KCl and 0.2 g of KAu(CN) 2 at ambient temperature. The first batch of KAu(CN) 2 /KCl crystals was harvested after 4 d of slow evaporation. After harvesting the first batch of crystals (henceforth referred to as "batch 1"), the remaining solution (mother liquor) was allowed to evaporate under ambient conditions. The second batch of KAu(CN) 2 /KCl crystals (batch 2) was harvested after 6 d. The remaining solution was allowed to evaporate to just before dryness (20 d) at which point, the last batch of crystals (batch 3) was harvested. Pure KAu(CN) 2 single crystals were grown from a nearly saturated aqueous solution of KAu(CN) 2 and the crystals were harvested after 14 d. Single crystals of KAg(CN) 2 /KCl were grown using a similar synthetic procedure but using 7.5 g of KCl and 0.5 g of KAg(CN) 2 . After slow evaporation, the first batch of KAg(CN) 2 /KCl crystals was harvested after 1 d. The remaining solution was allowed to evaporate longer and, just before dryness, the second batch of KAg(CN) 2 /KCl crystals was harvested after thirteen days.
The metal content of the different batches of doped crystals was determined using atomic absorption spectroscopy. Atomic absorption measurements were carried out using a Model 857-Smith-Hieftje 11/12 spectrophotometer. To determine the gold content of the different batches of KAu(CN) 2 /KCl, puro-graphic calibration standards (998 µg/mL gold in 5% HCl) from the Cole-Parmer Company were used as the standard. The crystal growing process was repeated a second time and atomic absorption, luminescence and Raman analyses gave reproducible data. Atomic absorption analyses for different batches of KAg(CN) 2 /KCl were carried out using puro-graphic calibration standards (995 µg/mL silver in 5% HNO 3 ).
Raman spectra were obtained using a Raman Imaging Microscope System 1000 equipped with a diode laser operating at λ ex ) 785 nm. All measurements were carried out at room temperature for the same single crystals used in the luminescence measurements.
Steady-state photoluminescence spectra were collected using a Photon Technology International Model QuantaMaster-1046 spectrophotometer equipped with a 75 W Xenon lamp. Wavelengths were selected with two excitation monochromators and a single emission monochromator. All spectra were recorded at 77 K. Excitation spectra were corrected for spectral variation of the lamp using rhodamine B as a quantum counter. Liquid nitrogen was used as the coolant in a Model LT-3-110 HeliTran cryogenic liquid transfer system. Lifetime measurements were recorded using a Nanolaser diode-pumped solid-state laser that pulses at 266 nm with a repetition rate of 8.1 kHz. A 400 MHz LeCroy 9310 digital oscilloscope was used to collect data. The decays were averaged over 1000 sweeps on the oscilloscope. All lifetime measurements were carried out at 77 K.
Computational Details
Ground and first excited-state calculations were carried out using the FORTICON 8 program (QCMP011). Relativistic parameters used for all atoms have been reported previously. 37 Ground and first excited-state calculations were carried out for free monomers, dimers, trimers, and tetramers. Details of the calculations for the free oligomers have been described earlier. 36 Ground-state calculations were carried out for monomer and eclipsed dimer units of [Au(CN) 2 -] ions doped in a KCl lattice. Upon doping [Au(CN) 2 -] n (n ) 1,2) in the KCl lattice, the Au + ions replace the K + ions and the CN -ions replace the Cl -ions. A [Au(CN) 2 -] ion doped in a KCl lattice was modeled by a layer containing a Au + ion occupying the site of a K + ion with four neighboring Cl -ions separated by 3.19 Å and four neighboring K + ions separated by 4.51 Å. 38 The two CN -ions were in the perpendicular axis to the plane of the layer described hitherto.
Results and Discussion
Atomic Absorption Results. Pure KAu(CN) 2 and three batches isolated from a mixture of KAu(CN) 2 and KCl have been studied. Atomic absorption spectroscopy analysis has shown that the values of % Au (by wt) are 0.45, 1.38, and 2.20 for KAu(CN) 2 /KCl crystals referred to herein as batches 1, 2, and 3, respectively. The variation of Au content among the KAu(CN) 2 /KCl batches can be explained by the synthetic procedure. The crystals formed in the early stage of slow evaporation of the starting KCl solution contained a low concentration of [Au(CN) 2 -] ions. Therefore, batch 1 has the lowest Au content. After harvesting the first batch of crystals (batch 1), the remaining mother liquor contains a higher concentration of [Au(CN) 2 -] than the starting solution. This leads to KCl crystals grown with a higher gold content in batch 2. Batch 3 has the highest gold content because it is harvested from the most concentrated mother liquor after harvesting batches 1 and 2. Similar arguments also apply for the analogous silver doped system that we are studying in this paper. Atomic absorption analyses of KAg(CN) 2 /KCl batches 1 and 2 gave 1.21 and 2.23%Ag (wt), respectively.
Steady-State Photoluminescence Spectroscopy. Figure 1 shows the emission spectra of KAu(CN) 2 /KCl batch 1 at 77 K.
Three emission bands at 335, 390, and 425 nm are observed by varying the excitation wavelength in the excitation range 270-350 nm, as illustrated in Figure 1 . No other emission bands are observed by varying the excitation wavelength (the two bumps at ∼495 and ∼512 nm are artifacts from the lamp source). The emissions at 335, 390, and 425 nm are henceforth referred to as II, III, and IV, respectively (as shown in Table 3 , only KAu(CN) 2 solutions shows emission band I).
The corrected excitation spectra of KAu(CN) 2 /KCl batch 1 at 77 K are shown in Figure 2 . Each emission band observed in Figure 1 has a characteristic excitation maximum. Therefore, various emission bands can be resolved by selecting the excitation wavelength. The absorption spectra of infinitesimally dilute aqueous solutions of KAu(CN) 2 show a structured profile with λ max e 250 nm. 36, 39 All observed excitation bands in the doped KAu(CN) 2 /KCl (see Figure 2) Figure 3 shows the emission spectra of batches 1-3 as well as pure KAu(CN) 2 at 77 K upon excitation at 272 nm. According to Figure 3 , batches 1 and 3 show the three aforementioned Table 1 . The observed microsecond scale lifetimes for emission bands III and IV in each system suggests that these emissions are due to phosphorescent transitions, which are enhanced due to the large spin-orbit coupling of gold (spin-orbit coupling constant, , for the 5d orbital of Au(I) is 5100 cm -1 ). 40 It was not feasible to measure the lifetime for band II because of its very weak intensity with 266 nm laser excitation.
Raman Spectroscopy. Figure 4 shows the Raman spectra of the three batches of KAu(CN) 2 /KCl as well as pure KAu(CN) 2 in the cyanide stretching frequency region. Batch 2 and pure KAu(CN) 2 have only one strong peak at ∼2176 cm -1
b) has an additional peak at ∼2189 cm -1 . The appearance of the 2169 cm -1 peak for batches 1 and 3 (but not for batch 2 or pure KAu(CN) 2 ) is consistent with the appearance of the high-energy luminescence peak, II, only for these two batches (Figure 3 ).
There is a clear correlation between the Raman bands obtained for each sample and the corresponding photoluminescence spectra. Batch 2 and pure KAu(CN) 2 have virtually identical photoluminescence spectra and the Raman spectra of the two samples show a single νCN peak at the same frequency (2176 cm -1 ). The presence of more than one peak other than 2176 cm -1 band in the νCN region indicates different sites for [Au(CN) 2 -] ions in the KCl lattice. Therefore, the peaks at 2169, 2176, and 2189 cm -1 in Figure 4 are due to different [Au(CN) 2 -] n clusters present in the studied crystals. Gold-gold interactions are expected to strongly influence the C-N stretching vibration. On going from batch 1 f2f3, the relative intensity of the Raman peaks with higher νCN values increases, which is consistent with increased Au-Au interactions in the same direction. However, it is unusual that batch 3 has a Raman peak at a higher frequency (2189 cm -1 ) than the 2176 cm -1 peak for pure KAu(CN) 2 . An increase in gold-gold interactions leads to a decrease in back-bonding from gold to the antibonding π* LUMO for the cyano group, hence a higher νCN value. This may result from either an increase in oligomerization (e.g., from dimers to trimers), or a shortening of the Au-Au distance in a given oligomer. The higher νCN value for batch 3 than for pure KAu(CN) 2 is likely due to a shorter Au-Au distance in the oligomer responsible for the dominant 2189 cm -1 band in batch 3 compared to the Au-Au distance between [Au(CN) 2 -] species in the infinite layers of the pure compound. A somewhat similar situation has been encountered in a structural study by Schmidbaur et al. for various haloisonitrilegold(I) complexes. 41 It was found that compounds with infinite linear chain structures (i.e., polymers) showed longer Au-Au distances than those in more sterically encumbered compounds, which had oligomeric structures with shorter Au-Au distances.
To further validate the correspondence between the Raman and photoluminescence bands, single crystals of two batches of [Ag(CN) 2 -]/KCl as well as pure KAg(CN) 2 were also synthesized and spectroscopically analyzed. Upon excitation at 245 nm ( Figure 5 ) and 275 nm (Figure 6 ), three different luminescence bands are observed for the [Ag(CN) 2 -]/KCl system. The relative intensities of these luminescence bands vary between the [Ag(CN) 2 -]/KCl batches and the results here reproduce the trends we reported previously for this doped system. [23] [24] [25] [26] Pure KAg(CN) 2 shows only band C. The Raman spectra of these three samples are shown in Figure 7 . Batch 1 shows 2 peaks at ∼2118 and ∼2124 cm -1 . Interestingly, the Raman spectrum of batch 2 (Figure 7b) shows an additional peak at ∼2159 cm -1 along with 2 peaks observed for batch 1. Pure KAg(CN) 2 shows only one Raman peak at ∼2159 cm -1 , which clearly correlates with band C in the luminescence spectra shown in Figures 5 and 6 . Therefore, the observed additional Raman peak at ∼2159 cm -1 in batch 2 is assigned to the same species giving rise to luminescence band C. After a comparison of Figures 5, 6 , and 7, the Raman bands observed at ∼2118 and ∼2124 cm -1 correlate with the observed luminescence bands A and B, respectively. Based on our discussion earlier that the stronger the metal-metal interactions the higher the frequencies in the Raman spectra and based on our luminescence bands assignment in Table 3 (vide infra), it is reasonable to assign bands A and B to dimers and bent trimers, respectively. Because bent trimers have stronger metal-metal interactions than in dimers (as shown in Table 2 , the bent trimer has a lower HOMO-LUMO gap than the dimer in both the ground and first excited states), and Raman peaks due to bent trimers should appear at higher frequencies. Therefore, the Raman peaks at ∼2124 and 2118 cm -1 are due to a bent trimer and a dimer, respectively. Luminescence band C is assigned to a linear trimer and correlates with the Raman band at ∼2159 cm -1 . Table 1 shows the correlation between the luminescence and Raman bands for pure and doped crystals containing the dicyanoaurate(I) and dicyanoargentate(I) ions.
Extended Hu 1ckel (EH) Calculations. The preceding luminescence and Raman results clearly suggest the presence of multiple emission centers in solid-state systems of the dicyanoaurates(I). We believe that these centers are due to groundand excited-state oligomers of [Au(CN) 2 -]. To characterize AuAu interactions in relation to our experimental results, we have carried out EH calculations for different [Au(CN) 2 -] n oligomers (n ) 1-4, eclipsed conformations). The results are summarized in Table 2 for free and doped oligomers. We shall discuss first the ground state and first excited-state calculations for free oligomers of [Au(CN) 2 -] units. The data indicate that the aurophilic bonding and the electronic transition energies are both sensitive to the number of ions (n) in the oligomers as well as the geometry and conformation of the ions in the oligomer. For example, ground-state calculations for linear eclipsed oligomers reveal that as "n" increases from 2 f 3 f 4, the binding energy increases from 0.13 f 0.30 f 0.44 eV, and the HOMO-LUMO gap decreases from 3.78 f 3.43 f 3.34 eV. Table 2 also shows that bent and linear trimers gave significantly different results, suggesting that different geometries in a given oligomer lead to differences in Au-Au bonding and electronic energies.
Table 2 also shows that for any given [Au(CN) 2 -] n oligomer, the excited state has a deeper potential well (higher binding energy), higher Au-Au overlap population, shorter Au-Au equilibrium distance than the corresponding ground state. For example, a ground-state dimer has a binding energy of 0.13 eV, whereas the corresponding value for the excited state is 0.88 eV. It is therefore concluded that, for all [Au(CN) 2 -] n oligomers, Au-Au bonding is stronger in the first excited state than in the corresponding ground state. Stronger Au-Au bonding in the first excited state than in the ground state is an indication of the formation of * [Au(CN) 2 -] n excimers and exciplexes. The example shown in Figures 8 illustrates the strong Au-Au bonding and low electronic energy for exciplexes compared to ground-state oligomers. The low energies, large Stokes shifts, and structureless features of the emission bands (even at cryogenic temperatures in doped single crystals) are consistent with the exciplex assignment for the emission bands of the systems described here, which the aforementioned calculations reinforce. Supporting evidence of this assignment, including characterization of the bonding in the triplet excimer in staggered * [Au(CN) 2 -] 2 by modern UHF/MP2 calculations, has been published elsewhere. 10 Ground-state EH calculations have also been performed for the monomers, and eclipsed dimers doped in a modeled KCl lattice. Results of these calculations are summarized in Table  2 . Comparison of the free [Au(CN) 2 -] monomer versus the doped monomer in Table 2 shows that both the HOMO and LUMO undergo destabilization by doping the monomer in the KCl lattice. This is likely due to the crystal field of the Cl - -]/ KCl. [23] [24] [25] [26] Site-selective excitation is used to resolve the different emission bands from one another (Figures 1 and 2) , whereas varying the dopant concentration is used to maximize the relative intensity of a given exciplex band (Figures 3). For example, [Au(CN) 2 -]/KCl crystals with the highest Au content (batch 3) show three emission bands at 335, 390, and 425 nm upon excitation at 272 and 315 nm, whereas crystals with a lower Au content (batch 2) show only one band at 390 nm regardless of the excitation wavelength.
Exciplex tuning of the dicyanoaurate(I) emission is seen in various doped crystals, pure crystals, and solutions. The tuning action is achieved by varying the excitation wavelength and temperature in any of these media, the dopant concentration and host alkali halide crystal in doped crystals, the counterion in pure crystals, and concentration and solvent in solutions. 43 Although effective tuning can be achieved in any of these systems alone, the tuning range can be expanded over a wider emission energy range if one combines the results of the various media. To illustrate, we show in Figure 9 selected emission spectra of various dicyanoaurate(I) species at different conditions. Several exciplex emission bands are obtained from regions in the far UV (∼270 nm) to the orange (∼660 nm), i.e., spanning an energy range of ∼22 000 cm -1 with this approach. 44 Similar tuning was achieved for the dicyanoargentate(I) emission. [23] [24] [25] [26] 45 The various emission bands seen in Figure 9 are assigned to * [Au(CN) 2 -] n exciplexes with different "n", configuration, and/ or geometry. The exact identity of each exciplex cannot be determined with a great certainty. A reasonable assignment is suggested in Table 3 based on correlating the trends of luminescence energies seen in various dicyanoaurate(I) species (solutions with various concentrations, doped crystals with different dopant concentrations, and pure crystals), the Raman data and the trends of electronic energies for various [Au(CN) 2 -] n oligomers obtained from the electronic structure calculations described above.
We are aware of three literature precedents in which the emission energies of the same or similar complexes have been tuned significantly. Efficient tuning of the emission of the tetracyanoplatinates (II) is achieved by a combination of chemical substitution (changing the counterion) and application of high pressure in order to significantly change the Pt-Pt distances. 27, 28 Another example involves Pt(diimine)(dithiolate) complexes, whose charge-transfer emission energies have been tuned by 7400 cm -1 by varying the ligands and their substituents. 29 More recently, Balch and co-workers have described an example in which the emission energy for frozen solutions of the complex [Au{C(NHMe) 2 } 2 ] + has been tuned to different visible colors by variation of the solvent and counterion. 46 The tuning we achieve for the dicyanoaurate(I) and dicyanoargentate(I) ions, as described above, competes favorably with all these examples and spans a wider emission energy range. 
Conclusions
This study illustrates interesting luminescence behavior of dicyanoaurates(I) doped in a KCl host lattice. Three luminescence bands are observed in the [Au(CN) 2 -]/KCl system, whereas only one band is observed in the pure KAu(CN) 2 system excited with the same wavelengths. The luminescence in the [Au(CN) 2 -]/KCl system can be tuned by varying the excitation wavelength or by varying the dopant concentration. By increasing the dopant concentration of [Au(CN) 2 -], our spectroscopic data predict that the oligomer size increases. At the highest dopant concentration, the Au-Au bond distance is shorter than the corresponding value for the pure KAu(CN) 2 . On the other hand, in the [Ag(CN) 2 -]/KCl system, the oligomer size increases with increasing dopant concentration of [Ag(CN) 2 -] and at the highest dopant levels, the Ag-Ag bond distance is similar to the value of pure KAg(CN) 2 . We demonstrate efficient tunability of ∼22,000 cm -1 in various Au(CN) 2 -systems. Because observed luminescence bands are due to different orientations and different aggregations of [Au(CN) 2 -] units, Raman spectroscopy can be correlated with the measured photoluminescence spectra. Three emission bands observed for a single crystal of batch 3 of the [Au(CN) 2 -]/KCl system shows three peaks in the ν CN region of the Raman spectrum giving a reasonable correlation among Raman and luminescence spectroscopic results. Extended Hückel calculation predictions give good agreement with the observed experimental results.
